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St. Louis, Missouri, U.S.A., November 3 & 4, 2010

A Life-Cycle Assessment of Cold-Formed Steel Enclosures
verses Alternative Enclosures in Commercial Buildings
K. J. Van Ooteghem1 and L. Xu2
ABSTRACT
In North America, the operation of buildings accounts for approximately one
third of the total energy use and greenhouse gas emissions each year.
Over the life of a building, the total energy use is a combination of the embodied
energy in the building materials and the operating energy of the building.
Building enclosures (walls and roofs) have a huge impact on both the embodied
energy and the operating energy of buildings. Historically, steel has been
blacklisted as a material with a high embodied energy. This has led to a
misconception that steel enclosures use significantly more energy than other
enclosure types. A study was conducted at the University of Waterloo to
investigate cold-formed steel enclosures compared to other enclosure types in
commercial buildings. After 50 years for a building located in Toronto, Canada,
it was found that cold-formed steel enclosures are very competitive compared to
other enclosure types in terms of total energy use and greenhouse gas emissions.
1.0 Introduction
The building industry in North America is changing. Over the past few decades,
there has been an industry movement towards the design and construction of
more energy efficient buildings. In recent years, numerous green building
protocols such as: LEED® (North America), BREEAM (United Kingdom),
Green Star (Australia), and many others have emerged in response to the
demand for more environmentally conscious buildings. However, the building
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industry continues to have an overwhelming impact on the environment. In the
U.S., buildings account for around 39% of primary energy use, 38% of all
carbon dioxide emissions, and nearly 40% of all raw material use annually
(USGBC, 2010). The trends in Canada are much the same. Each year in Canada
the operation of buildings is responsible for approximately the same total
secondary energy use as the entire transportation sector (NRCan, OEE, 2010).
Over the past two decades, cold-formed steel has become an increasingly
popular building material for residential and commercial construction. This
increased use can be attributed to the numerous advantages that cold-formed
steel has over traditional building materials. Meanwhile, there has been a
growing body of research investigating the life-cycle assessment (LCA) of
buildings. These studies vary drastically in terms of their approach, the building
components that are studied, and their degree of complexity. There is a need for
a comprehensive comparison of cold-formed steel enclosures (walls and roofs)
to alternative enclosures in commercial buildings, using the latest LCA
techniques. Summarized in this paper are some of the results from a
comprehensive LCA study of building enclosures that was conducted at the
University of Waterloo.
2.0 Background Terminology
Embodied Energy of Buildings: There are two kinds of embodied energy: initial
and recurring. Initial embodied energy is the energy consumed to manufacture
the building materials, transport them to site, and then construct the building.
Recurring embodied energy is the energy consumed to maintain, repair, or
replace any parts of a building over its lifespan. In a typical office building in
Toronto, Canada, the total embodied energy (initial + recurring) is about 15% of
the total energy use after 50 years (Cole & Kernan, 1996).
Operating Energy of Buildings: The operating energy is the amount of energy
consumed by a building to meet the demand for heating, cooling, lighting,
ventilation, equipment, etc. In a typical office building in Toronto, Canada, the
operating energy is about 85% of the total energy use after 50 years (Cole &
Kernan, 1996).
Global Warming Potential (GWP): The term, GWP was developed to compare
one GHG to another in terms of their ability to trap heat in the Earth’s
atmosphere. GWP is measured in mass of CO2 equivalent. Carbon dioxide
equivalency (CO2eq.) is a measure of the equivalent amount of CO2 that would
have the same GWP as a mixture of CO2 and other GHGs in the Earth’s
atmosphere.
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Life-Cycle Assessment (LCA) of Buildings: A LCA is a process of evaluating
the environmental burdens of a building throughout its lifespan. This involves
calculating the environmental burdens associated with all aspects of a building
from manufacturing the building materials, to constructing the building, to
operating the building, to renovating or disposing of it at the end of its life.
3.0 Methodology
3.1. Description of Exterior Infill Wall Enclosures
A total of 11 different exterior infill walls were examined in this study. A
detailed description of each wall assembly that was investigated can be found in
the Appendix. The wall assemblies that were chosen for this study represent a
broad sample of exterior infill walls that are typical of commercial buildings in
Canada (many are also applicable to residential construction).
The 11 wall assemblies are classified based on their predominant structural
system: concrete masonry unit walls (CMU), metal structural insulated panel
walls (MSIP), cold-formed steel stud walls (SS), wood stud walls (WS), preengineered steel building walls (PENG), and aluminum curtainwalls (CWALL).
Where appropriate, Ontario (standard) clay brick cladding was specified for the
wall enclosures. The interior finish was assumed to be regular gypsum board
with latex paint, or latex paint alone, depending on typical practice. With the
exception of the MSIP wall, the insulation varied from 2 in. (50 mm) of exterior
installed extruded polystyrene to cavity filled fiberglass batt insulation.
3.2. Description of Roof Enclosures
A total of eight roof enclosures were examined in this study. A detailed
description of each roof assembly can be found in the Appendix. The roofs that
were chosen for this study represent a broad sample of typical assemblies for a
commercial building in Canada. The eight roofs are classified based on their
predominant structural system: concrete hollow core roofs (CHC), open web
steel joist roofs (OWSJ), cold-formed steel roofs (CFS), glulam roofs (GLU),
and metal structural insulated panel roofs (MSIP). With the exception of the
MSIP roof, a 4-ply built-up asphalt roof assembly with 3 in. (75 mm)
polyisocyanurate insulation was specified. A suspended acoustic tile ceiling was
also specified.
Not all roof joists can span the same distance. Some reach their optimum design
state when spanning longer distances and some at shorter spans. To account for
this variability, each roof joist was designed for a typical span that it would
likely be used for, rather than for one standard span for all. This ensured that
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undue advantage/disadvantage was not placed on one system over another, by
designing it for a span for which it was not intended. Each roof was designed for
structural loads according to Part 4 of the NBCC 2005 (Canadian Commission
on Building and Fire Codes, 2006) using the typical design span.
3.3. Evaluating Embodied Energy (and Embodied GWP)
The ATHENA® Environmental Impact Estimator (EIE) for Buildings v4.0.64
(The Athena Institute, 2010) was used to calculate the embodied primary energy
and embodied GWP for each building enclosure over a 50 year lifespan in
Toronto. In addition to primary energy consumption and GWP, the ATHENA®
EIE for Buildings is also capable of calculating acidification potential, human
health respiratory effects potential, ozone depletion potential, photochemical
smog potential, eutrophication potential, and weighted raw resource use.
However, these additional measures are beyond the scope of this paper.
The ATHENA® EIE for Buildings is the only North American specific software
tool that can evaluate both entire buildings and individual building components
and is based on internationally accepted LCA methodology. The software is
based on one of the most comprehensive Life-Cycle Inventory databases in the
world and the most comprehensive for the North American building industry.
The software considers the full life-cycle impacts of: resource extraction,
material manufacturing, construction, transportation, occupancy/maintenance
effects, demolition, disposal, and recycling at the end of the building’s life.
3.4. Evaluating Operating Energy (and Operating GWP)
To estimate the impact that each alternative building enclosure had on the
operating energy use of a building, a baseline building was defined. Using this
baseline and holding all other variables constant, the exterior infill walls and
roof were systematically replaced with the enclosures identified in this study and
the change in the building’s operating energy use was recorded.
The ATHENA® EIE for Buildings is unable to calculate the operating energy
consumption of a building directly. In this study, operating energy was
calculated using eQUEST v3.63 (Hirsch, 2009). eQUEST is based on the DOE2 building simulation engine. DOE-2 is the most widely respected building
energy simulation program available and has been around since the 1970’s. It is
important to mention that eQUEST calculates secondary energy use. Secondary
energy use only includes the energy used by the final consumer unlike primary
energy which includes the total requirements for all uses of energy including:
secondary energy, energy required to transform one form of energy to another
(e.g. coal to electricity), energy used to bring energy to the consumer, and more.
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Fortunately, the ATHENA® EIE for Buildings has the ability to convert
estimates of secondary energy use to primary energy use. Therefore, the
secondary energy use from eQUEST was converted to primary energy use using
the ATHENA® EIE converter. This allowed for a direct comparison of the
operating energy results with the embodied energy results.
3.5. Baseline Building Description
The baseline building was established based on a combination of ASHRAE
Standard 90.1-2007 (ASHRAE, 2007) requirements for climate zone 6 (Toronto,
Canada) and the RSMeans Assemblies Cost Data (RSMeans, 2003). A summary
of the baseline building is provided:












Located in Toronto, Canada
50 year lifespan
Single-storey, stand alone retail building
Gross floor area of 6,300 ft2 (586 m2)
Hours of operation: Monday-Saturday 8am-9pm and Sunday 9am-6pm
Roof (see BASE ROOF in Appendix)
Exterior infill walls (see BASE WALL in Appendix)
17% window-to-wall ratio
Cooling equipment: direct expansion (DX) coils (electric)
Heating equipment: combustion furnace (natural gas)
Zoning: 100% perimeter zone

Figure 1: eQUEST Model of Baseline Building
4.0 Results and Discussion
4.1. Life-Cycle Assessment Results for Baseline Building
A LCA was performed on the baseline building in order to establish a datum
from which a sensitivity analysis of the walls and roof could be performed.
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4.1.1. Total Embodied Energy (and Total Embodied GWP) of Baseline Building
A LCA of embodied energy (and embodied GWP) was performed for the
exterior infill walls and roof of the baseline building. The baseline building wall
assembly (BASE WALL) consisted of EFIS with 2.5 in. (64 mm) extruded
polystyrene insulation and 6 in. (150 mm) steel studs at 24 in. (600 mm) on
center. Over a 50 year lifespan, this wall system resulted in approximately 927
MJ/m2 of embodied primary energy and emission of about 49 kg of CO2eq./m2.
The baseline building roof assembly (BASE ROOF) consisted of a 4-ply builtup asphalt roof assembly with 3 in. (75 mm) polyisocyanurate insulation and
OWSJ at 4 ft (1.2 m) on center. Over a 50 year lifespan, this roof system
resulted in approximately 4,684 MJ/m2 of embodied primary energy and
emission of about 213 kg of CO2eq./m2.
4.1.2. Total Energy (and Total GWP) of Baseline Building
Simulations were performed on the baseline building to determine the total
operating energy use (and total operating GWP). It was found that over a 50
year lifespan in Toronto, operation of the baseline building resulted in 48.90x106
MJ of primary energy use (1,669 MJ/m2/yr) and emission of 2.25x106 kg of
CO2eq. (77 kg of CO2eq./m2/yr).
4.1.3. Comparison of Baseline Building to Average Retail Building in Canada
The average retail building in Canada uses about 1,707 MJ/m2/yr of energy and
emits about 94 kg of CO2eq./m2/yr (NRCan, OEE, 2010). The baseline building
in this study consumes about 2% less energy per year and emits approximately
18% less CO2eq. per year than the average retail building in Canada.
4.2. Life-Cycle Assessment Results for Exterior Infill Wall Enclosures
4.2.1. Total Embodied Energy (and Total Embodied GWP) of Walls
The total embodied energy (and total embodied GWP) for the walls identified in
this study were calculated. The results of this analysis are illustrated in Figure 2.
The total embodied energy (and GWP) for the walls ranged from 580 MJ/m2
(and 29 kg of CO2eq./m2) respectively for W9 (PENG) to 1,607 MJ/m2 (and 105
kg of CO2eq./m2) respectively for W1 (CMU). W10 (CWALL) actually had a
slightly higher GWP (122 kg of CO2eq./m2), but had less embodied energy
(1,590 MJ/m2). For the steel stud walls, the corresponding energy and GWP
ranged from 921 MJ/m2 and 63 kg of CO2eq./m2 respectively for W6 (SS) to
1,065 MJ/m2 and 68 kg of CO2eq./m2 respectively for W3 (SS).
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The total embodied energy (and GWP) of the steel stud walls were higher than
that of the comparable wood stud walls by a maximum of about 12% (and 18%)
respectively. When altering the steel stud spacing from 16 in. (400 mm) on
center to 24 in. (600 mm) on center, it resulted in a decrease in total embodied
energy and in total embodied GWP of about 2%. Compared to W10 (CWALL)
and W1 (CMU), the steel stud walls performed much better. In fact, the worst
performing steel stud wall, W3 (SS), still consumed about 34% less energy and
had about 35% less GWP than W1 (CMU).

Figure 2: Total Embodied Energy (and GWP) of Exterior Infill Walls after
50 Year Lifespan in Toronto 3
4.2.2. Total Life-Cycle Energy (and Total Life-Cycle GWP) of Walls
The total life-cycle energy and total life-cycle GWP for each enclosure was
calculated for a 50 year lifespan in Toronto. The total life-cycle energy of each
enclosure equals the total embodied energy of the enclosure, plus the difference
in the total operating energy from the baseline building, after changing the
baseline building enclosure to the alternative enclosure (the total life-cycle GWP
is calculated in a similar way, but using GWP numbers instead of energy).
The total life-cycle energy (and GWP) for each of the walls are displayed in
Figure 3. As it can be seen from the figure, the walls with the lowest total energy
(and total GWP) after 50 years were not necessarily the ones with the lowest
embodied energy (and embodied GWP). In fact, an increase in total life-cycle
energy (and total life-cycle GWP) was found to correspond to a general decrease
Note: 1 MJ/m2 = 88.055 Btu/ft2 and 1 kg of CO2 eq./m2 = 0.205 lb of CO2 eq./ft2
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in overall assembly R-value. This suggests that operating energy (and therefore
enclosure R-value) plays a more significant role over the life of a building than
the embodied energy of the building materials, in terms of energy use and GWP.
The best performing wall enclosure was W2 (MSIP), which resulted in a
decrease of about 2,027 MJ/m2 from the baseline wall after 50 years. The worst
performing wall enclosure was W10 (CWALL), which resulted in an increase of
about 9,300 MJ/m2 from the baseline wall after 50 years. The best performing
steel stud wall enclosure was W5, which over a 50 year lifespan resulted in a
decrease of about 49 MJ/m2 of primary energy compared to the baseline wall.
The worst performing steel stud wall enclosure was W4, which over a 50 year
lifespan resulted in an increase of about 2,507 MJ/m2 of primary energy
compared to the baseline wall.

Figure 3: Total Life-Cycle Energy (and GWP) of Exterior Infill Walls after
50 Year Lifespan in Toronto 4
Changing the stud spacing from 16 in. (400 mm) to 24 in. (600 mm) on center
for the steel stud walls with continuous exterior installed insulation, only
decreased the total life-cycle energy use by 2% and the total life-cycle GWP by
2%. However, a similar change to the stud spacing for the steel stud walls with
cavity installed batt insulation, decreased the total life-cycle energy use by 30%
and the total life-cycle GWP by 32%. The wood stud walls consumed less
energy after 50 years than the comparable steel stud walls.

Note: 1 MJ/m2 = 88.055 Btu/ft2 and 1 kg of CO2 eq./m2 = 0.205 lb of CO2 eq./ft2
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4.3. Life-Cycle Assessment Results for Roof Enclosures
4.3.1. Total Embodied Energy (and Total Embodied GWP) of Roofs
The total embodied energy (and total embodied GWP) for each of the roof
enclosures identified in this study was evaluated and the results are displayed in
Figure 4. The total embodied energy (and GWP) for the roof enclosures ranged
from as little as 1,210 MJ/m2 (and 73 kg of CO2eq./m2) respectively for R8
(MSIP) to as high as 5,002 MJ/m2 (and 244 kg of CO2eq./m2) respectively for
R1 (CHC). For the cold-formed steel roof enclosures, the corresponding energy
and GWP ranged from 4,419 MJ/m2 and 196 kg of CO2eq./m2 respectively for
R3 (CFS) to 4,615 MJ/m2 and 213 kg of CO2eq./m2 respectively for R6 (CFS).

Figure 4: Total Embodied Energy (and GWP) of Roof Assemblies after 50
Year Lifespan in Toronto 5
Excluding the MSIP and CHC roofs, the remaining roofs only differed by about
7% in terms of total embodied energy and 13% in terms of total embodied GWP
after 50 years. All of the roof enclosures (except the MSIP roof) had a 4-ply
built-up asphalt roof and 3 in. (75 mm) of continuous polyisocyanurate
insulation. The results suggest that the total embodied energy (and GWP) of the
roof enclosures were more influenced by insulation levels and roof coverings
than by the differences in the supporting structure.

Note: 1 MJ/m2 = 88.055 Btu/ft2 and 1 kg of CO2 eq./m2 = 0.205 lb of CO2 eq./ft2
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4.3.2. Total Life-Cycle Energy (and Total Life-Cycle GWP) of Roofs
The total life-cycle energy (and total life-cycle GWP) for each of the roof
enclosures identified in this study are displayed in Figure 5. The best performing
roof enclosure was R8 (MSIP), which resulted in a decrease of about 5,180
MJ/m2 from the baseline roof after 50 years. The worst performing roof
enclosure was R1 (CHC).
All of the CFS, GLU, and OWSJ roofs consumed about equal amounts of
primary energy and had nearly the same GWP after 50 years. This was due to
the fact that all of these roofs had the same insulation and 4-ply built-up asphalt
roof covering. An increase in total life-cycle energy (and GWP) corresponded in
general to an increase in total life-cycle embodied energy (and GWP), but only
because the R-values of these roofs (except R8) were very similar. Therefore,
there was very little difference in life-cycle operating energy (and GWP). The
CFS roofs did perform better than R2 (OWSJ), but marginally so. Looking at the
roof systems with a span of 25 ft (7.6 m) or longer, the cold-formed steel roof
truss systems performed slightly better than the conventional OWSJ enclosure.

Figure 5: Total Life-Cycle Energy (and GWP) of Roof Assemblies after 50
Year Lifespan in Toronto 6

Note: 1 MJ/m2 = 88.055 Btu/ft2 and 1 kg of CO2 eq./m2 = 0.205 lb of CO2 eq./ft2
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5.0 Conclusions
Exterior Infill Wall Enclosures
1.

2.

3.

At most, the wood stud walls had 12% less total embodied energy and
18% less total embodied GWP than the steel stud walls after 50 years.
However, the steel stud walls performed between 30% to 50% better
than the concrete masonry unit wall and aluminum curtainwall
It was found that an increase in total life-cycle energy (and total lifecycle GWP) corresponded in general to a decrease in overall assembly
R-value. Therefore, assembly R-value played a far more significant role
in terms of energy use and GWP over the life of the building, than any
differences in embodied effects between the building materials
Changing the stud spacing from 16 in. (400 mm) to 24 in. (600 mm) on
center for the steel stud walls with continuous exterior insulation, only
decreased the total life-cycle energy use and the total life-cycle GWP
by 2%. A similar change in stud spacing for the case of the steel stud
walls with cavity installed batt insulation, resulted in a decrease in total
life-cycle energy use of 30% and total life-cycle GWP of 32%

Roof Enclosures
1.

2.

3.

After 50 years, the differences in total embodied energy (and total
embodied GWP) for the various roof enclosures were minimal, if the
same level of insulation and roof covering were provided
It was found that an increase in total life-cycle energy (and GWP)
corresponded to an increase in total life-cycle embodied energy (and
GWP) in this case, but only because the R-values of all of these roofs
(except R8) were extremely similar
The cold-formed steel roof truss enclosures used slightly less total
energy (and total GWP) after 50 years than the typical OWSJ system
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Appendix - Descriptions of Enclosures
Wall Assemblies
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Wall Assemblies (Cont.)
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Wall Assemblies (Cont.) & Roof Assemblies
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